Environmental stress often leads to an increased production of reactive oxygen species that are involved in plastid-to-nucleus retrograde signaling. Soon after the release of singlet oxygen ( 1 O 2 ) in chloroplasts of the flu mutant of Arabidopsis, reprogramming of nuclear gene expression reveals a rapid transfer of signals from the plastid to the nucleus. We have identified extraplastidic signaling constituents involved in 1 O 2 -initiated plastid-to-nucleus signaling and nuclear gene activation after mutagenizing a flu line expressing the luciferase reporter gene under the control of the promoter of a 1 O 2 -responsive AAA-ATPase gene (At3g28580) and isolating second-site mutations that lead to a constitutive up-regulation of the reporter gene or abrogate its 1 O 2 -dependent up-regulation. One of these mutants, caa39, turned out to be a weak mutant allele of the Topoisomerase VI (Topo VI) A-subunit gene with a single amino acid substitution. Transcript profile analysis of flu and flu caa39 mutants revealed that Topo VI is necessary for the full activation of AAA-ATPase and a set of 1 O 2 -responsive transcripts in response to 1 O 2 . Topo VI binds to the promoter of the AAA-ATPase and other 1 O 2 -responsive genes, and hence could directly regulate their expression. Under photoinhibitory stress conditions, which enhance the production of 1 O 2 and H 2 O 2 , Topo VI regulates 1 O 2responsive and H 2 O 2 -responsive genes in a distinct manner. These results suggest that Topo VI acts as an integrator of multiple signals generated by reactive oxygen species formed in plants under adverse environmental conditions. oxidative stress | light stress | cell death P lants are often exposed to environmental changes that adversely affect their growth and development and may ultimately result in the death of the plant. Most of these stress conditions disrupt the metabolic balance of cells and increase the production of reactive oxygen species (ROS) (1) . ROS may be toxic and cause oxidative damage, or they may act as signaling molecules and activate the plant's defenses against environmental stress (2, 3) . The specificity of these responses is largely determined by the chemical identity of the ROS (4, 5) . Research in the past has primarily been concerned with studying the biological activities of superoxide anion (O 2
•-
) and hydrogen peroxide (H 2 O 2 ) (6, 7), whereas the analysis of singlet oxygen ( 1 O 2 ) and hydroxyl radical ( • OH) has been impeded by the lack of suitable experimental systems and detection techniques. Only recently, by using the conditional flu mutant of Arabidopsis thaliana, has 1 O 2 been shown to be involved in plastid-to-nucleus retrograde signaling. Immediately after the onset of 1 O 2 generation in plastids of Arabidopsis, changes in nuclear gene expression reveal a rapid transfer of 1 O 2 -derived signals from the plastid to the nucleus (8) (9) (10) Other consequences of increased 1 O 2 generation inside plastids include a drastic reduction in the growth rate of mature plants and the bleaching and death of seedlings (10) . All these 1 O 2 -mediated responses are genetically regulated by the two plastid proteins, EXECUTER1 and EXEXUTER2, required for the translocation of 1 O 2 -derived signals from the plastid to the nucleus (12, 13) . 1 O 2 signaling does not seem to operate via an isolated signaling pathway but rather as part of a complex signaling network that integrates various extra-and intracellular cues (14) . We previously used a genetic approach to penetrate this complexity. A transgenic flu line expressing an 1 O 2 -responsive reporter gene was mutagenized, and we isolated second-site mutations that either led to a constitutive up-regulation of the reporter gene or abrogated its 1 O 2 -dependent up-regulation (14) . The reporter gene consisted of the luciferase ORF and the promoter of the 1 O 2responsive AAA-ATPase nuclear gene of Arabidopsis (8, 10). Here we report on the identification and characterization of mutant caa39, whose response to 1 O 2 is impaired. We found that caa39 is a weak mutant allele of the Topoisomerase VI (Topo VI) Asubunit (AtTOP6A) gene with a single amino acid substitution. Under photoinhibitory stress conditions, AtTOP6A is indispensable for the selective activation of several 1 O 2 -responsive nuclear genes and at the same time may act as a repressor of H 2 O 2 -responsive genes. This dual activity assigns a key role to Topo VI as an integrator of multiple ROS signals that are released by plants in response to adverse environmental conditions.
Results
Isolation and Characterization of the caa39 Mutant. The Arabidopsis flu AAA:LUC + line, which expresses the luciferase (LUC) reporter gene under the control of the 1 O 2 -responsive AAA-ATPase promoter (14) , was mutagenized and screened for second-site mutants that either constitutively up-regulate the 1 O 2 -responsive reporter gene or have lost the ability to respond Author contributions: K.S., K.A., and C.L. designed research; K.S., F.M., P.P., C.V., A.B., C.A., and C.L. performed research; K.S., F.M., P.P., C.V., L.H., K.A., and C.L. analyzed data; and K.S., L.H., K.A., and C.L. wrote the paper. F.M., P.P. and C.V. contributed equally to this work.
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Data deposition: The microarray data have been deposited in ArrayExpress, www.ebi.ac. uk/arrayexpress, (ID no. E-TABM-1076). 1 F.M., P.P., and C.V. contributed equally to this work. 2 Present address: Department of Genetics and Animal Breeding, Poznan University of Life Sciences, 60-637 Poznan, Poland. 3 To whom correspondence may be addressed. E-mail: kha24@cornell.edu or christophe. laloi@univ-amu.fr. This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1202041109/-/DCSupplemental. to 1 O 2 . Six flu AAA:LUC + caa mutants were isolated that in 10-dold seedlings constitutively activate both the reporter gene and the endogenous AAA-ATPase gene, and hence carry trans-acting mutations (14) . In caa mutants with mutations in genes that genetically form part of the 1 O 2 -signaling pathway and that also contain the flu mutation, generation of 1 O 2 by a dark-to-light (D/ L) shift should not further enhance the constitutive expression of 1 O 2 -responsive genes. Based on this criterion, only one of the six caa mutants, caa39, could be directly linked to 1 O 2 signaling (14-16). Until 5 d old, caa39 mutant seedlings grown under continuous light were phenotypically similar to wild-type seedlings (Fig.  1A ). Afterward they developed chlorotic spots and spontaneous cell death, and their growth slowed relative to wild-type ( Fig. 1 A and E).
CAA39 Encodes the A-Subunit of Arabidopsis Topo VI. The visible morphological alterations and constitutive expression of the AAA:LUC + reporter gene cosegregated as a single recessive Mendelian trait when crossed with the parental flu AAA:LUC + line (14) . By map-based cloning, the caa39 mutation could be assigned to a fragment of ∼90 kb covered by the two BAC clones, F9G14 and F15A17 ( Fig. 1C and Fig. S1 ). This region is predicted to contain 22 ORFs (http://www.tigr.org). By sequencing DNA in this region we identified a single G-to-A nucleotide substitution in locus At5g02820 of flu AAA:LUC + caa39 relative to the parental and wild-type lines ( Fig. 1D ). At5g02820 encodes the Topo VI Asubunit AtTOP6A/AtSPO11-3/RHL2/BIN5, which is homologous to the eukaryotic SPO11 meiotic recombination endonuclease. The caa39 mutation results in the conversion of proline to leucine at position 337 within the topoisomerase-primase domain ( Fig. 1D ). Proline 337 is highly conserved in TOP6A/SPO11-3 homologs (Fig. S2 ). The identification of caa39 was confirmed by complementing the mutant with the complete ORF of AtTOP6A under the control of the cauliflower mosaic virus 35S promoter and by allelism tests. Complemented flu caa39 35S:AtTOP6A plants were phenotypically indistinguishable from the parental flu plants, and AAA-ATPase transcript levels returned to the low basal level found in light-grown flu (Fig. 1E ). For allelism tests, caa39 was crossed with the allelic mutant rhl2-1 (17) . F1 seedlings from this cross retained high LUC activity and displayed a phenotype intermediate between the parental lines ( Fig. S3 ). Significantly, in rhl2-1 seedlings expression of the endogenous AAA-ATPase was also constitutively up-regulated to a similar high level as in caa39, despite a more severe morphological phenotype (Fig. 2) .
Topo VI is an ATP-dependent type II topoisomerase (type IIB) enzyme found in archaea, plants, red algae, diatoms, and a few protists (18) . Archaea Topo VI forms an A 2 B 2 heterotetramer (19) . In Arabidopsis the B subunit, which is closely related to the ATPase region of type IIA topoisomerases (20, 21) , is encoded by a single gene, At3g20780 AtTOP6B/RHL3/BIN3/HYP6. In addition to the homologs of the archaeal Topo VI A and B subunits, Arabidopsis Topo VI also contains two small subunits, ROOT HAIRLESS 1 (RHL1) (22)/HYPOCOTYL 7 (HYP7) (23) and BRASSINOSTEROID-INSENSITIVE 4 (BIN4) (24)/MIDGET (MID) (25) . If the regulatory role of AtTOP6A is linked to its function as a subunit of the Arabidopsis Topo VI complex, deletion of either subunit should have the same effect as in the caa39 mutant. Therefore, we analyzed mutants for each protein in the plant Topo VI complex and for two AtTOP6A homologs that are not associated with Topo VI but are required for meiotic recombination [AtSPO11-1 (spo11-1-3) and AtSPO11-2 (spo11-2)] (26). These mutants were grown for 10 d under the same continuous light conditions together with flu caa39, flu, and wild-type Col. spo11-1-3 and spo11-2 mutant plants were morphologically indistinguishable from wild-type, whereas mutants in subunits of the Topo VI complex were severely affected in their growth and showed chlorotic cotyledons ( Fig. 2 ). Seedlings of caa39 displayed a much less severe phenotype. Inactivation of different subunits of the Topo VI complex resulted in very similar expression signatures (constitutive up-regulation of the 1 O 2 -responsive genes AAA-ATPase and BAP1, whereas the H 2 O 2 -responsive marker gene FER1 was not or barely affected) despite the fact that caa39 growth phenotype is much less severe than in the AtTOP6A knockout mutants or the other Topo VI mutants (Fig. 2) . In contrast, impairment of the SPO11 meiotic recombination endonuclease function in spo11-1-3 and spo11-2 mutants resulted in very different expression profiles (Fig. 2) . These results support the notion that AtTOP6A modulates 1 O 2 -responsive gene expression while being part of the Topo VI complex.
AtTOP6A Regulates 1 O 2 -Triggered Stress Responses. To confirm that AtTOP6A represents a genuine 1 O 2 signaling component, we further analyzed the flu caa39 mutant under 1 O 2 -producing conditions. As cotyledons of 10-d-old flu seedlings grown under continuous light are no longer able to accumulate significant amounts of the photosensitizer protochlorophyllide (Pchlide) in the dark and, hence, do not release 1 O 2 during reillumination, this analysis was performed in 5-d-old seedlings. The expression of LUC and the endogenous AAA-ATPase was only moderately enhanced in 5-d-old flu caa39 seedlings under steady-state conditions relative to flu ( Fig. 1 A and B) . Following a D/L shift, 1 O 2induced accumulation of AAA-ATPase and BAP1 transcripts was strongly suppressed in flu caa39 seedlings ( Fig. 3A ), even though they accumulated similar excess amounts of Pchlide as the parental flu line (14); a full induction was restored in complemented flu caa39 35S:AtTOP6A plants (Fig. 3A ). The impaired 1 O 2 -induced accumulation of AAA-ATPase transcripts in 5-d-old flu caa39 seedlings after a D/L shift could not be attributed to saturated expression of AAA-ATPase before 1 O 2 production because: (i) 5-d-old flu caa39 seedlings only moderately accumulated AAA-ATPase transcripts compared with 10-d-old seedlings (Fig. 1B) , and (ii) other flu caa mutants that constitutively accumulated similar or higher amounts of AAA-ATPase transcripts than flu caa39 were still able to further accumulate AAA-ATPase transcripts in response to 1 O 2 in 5-d-old seedlings (14) (15) (16) .
It is conceivable that Topo VI may also regulate the expression of other 1 O 2 -responsive genes and affect phenotypic changes, such as cell death, that are triggered by the release of 1 O 2 in the flu mutant (10) . Therefore, we tried to identify genes that were affected by the caa39 mutation before and after the release of 1 O 2 . Genome-scale gene expression profiling was performed using Affymetrix Arabidopsis AGRONOMICS1 microarrays (http:// www.agron-omics.eu/); 5-d-old flu and flu caa39 seedlings were grown under continuous light, transferred to darkness for 8 h, and reilluminated for 30 min to generate 1 O 2 . Based on the expression data of biological triplicates and a selection criterion of 1.5-fold change, 1,093 genes were identified that exhibited reproducible activation or repression in caa39 or after a D/L shift in flu. The AAA-ATPase, the very low basal expression level of which exceeded the background level on the microarrays only in flu after reillumination, was not retained in this analysis. K-means clustering was performed to identify genes that may form coregulated clusters. Eight different gene clusters could be clearly distinguished ( Fig. 3B ). Clusters 1 and 2 principally comprised genes that are constitutively up-regulated and down-regulated, respectively, in caa39, but not affected by a D/L shift in flu. Cluster 1 is highly enriched in genes related to DNA repair/response to DNA damage stimulus, such as ATMND1, RAD51, BRCA1, XRI1, PARP2, ATRAD17, and TSO2 [cluster frequency 15.2%, background TAIR (The Arabidopsis Information Resource database, www.arabidopsis.org) frequency 0.6%, P value 2.31 e −06 ] (Dataset S1), indicating that although no cell death could be detected in 5d-old flu caa39 seedlings under continuous light ( Fig. 3C ), the Topo VI mutation caa39 causes DNA damages, the accumulation of which will eventually lead to the appearance of cell death at later stages. Conversely, such a DNA damage response is not activated in the flu mutant following the release of 1 O 2 . Cluster 4 comprised genes that are up-regulated after a D/L shift in flu and less induced in the flu caa39 mutant, but not affected by the caa39 mutation before the D/L shift (i.e., genes that are induced by 1 in a Topo VI-dependent manner) ( Fig. 3B and Dataset S1). Conversely, genes in cluster 5 ( Fig. 3B and Dataset S1) are further activated in flu caa39 following a D/L shift; interestingly, this cluster contains four two-component response regulator genes (cluster frequency 7.3%, background TAIR frequency 0.1%, P value 1.99 e −04 ). Clusters 6 and 8 comprised genes that are upregulated in caa39 both before and after a D/L shift in flu. Finally, the main cluster (cluster 7) consists of 398 genes that are activated after a D/L shift and do not seem to be regulated by AtTOP6A ( Fig. 3B and Dataset S1). Similarly, genes that are down-regulated after a D/L shift are not or barely affected by the caa39 mutation (cluster 3). Collectively, these expression data identify subfractions of 1 O 2 -responsive genes that are controlled by Topo VI, either in a positive or negative manner. When we examined the phenotypic responses of flu AAA:LUC + caa39 to 1 O 2 generated by a D/L shift, we found that the cell-death response was significantly reduced compared with the parental line ( Fig. 3 C and D) . (Fig. 4 ). In caa39, induction of the 1 O 2 -responsive genes was reduced ( Fig.  4 ), except ERF5 that was also unaffected by the caa39 mutation in the flu mutant ( Fig. 3B, cluster 7) . Conversely, the caa39 mutation augmented the stress-induced activation of the H 2 O 2 -responsive genes FER1 and PK, but hardly affected APX1. Very similar induction patterns and effects of the caa39 mutation were observed in an experiment where the original flu AAA:LUC + and flu AAA: LUC + caa39 lines were grown for 6 d under continuous low light (when they reach a developmental stage similar to seedlings grown for 5 d under continuous normal light) before transferring them to continuous moderate high light (1,050 μmol·m −2 ·s −1 ) ( Fig. S4 ). These results suggest that AtTOP6A can act as a positive regulator of 1 O 2 -responsive genes and simultaneously suppress the expression of some H 2 O 2 -responsive genes under photoinhibitory stress conditions that generate both ROS. Topo VI complex association with the promoter of the AAA-ATPase gene and two new loci identified in cluster 4, At1g24145 and At1g24147, the induction of which in the flu mutant following a D/L shift is very high and dramatically reduced in flu caa39 (Dataset S1), making them very suitable for such analysis.
Arabidopsis transgenic lines that express tagged versions of the AtTOP6A/AtSPO11-3/RHL2/BIN5 (HA-RHL2) and RHL1/ HYP7 (RHL1-CFP) Topo VI subunits (25) were crossed with mutant plants deficient for the corresponding genes (i.e., rhl2-1 and rhl1-2) to control functionality of the fusion proteins by phenotypic and molecular complementation. HA-RHL2 and RHL1-CFP restored a wild-type phenotype in rhl2-1 and rhl1-2, respectively, as well as a near wild-type level of transcripts ( Fig.  S5 ). ChIP-PCR experiments with the double homozygous lines rhl2-1 HA-RHL2 and rhl1-2 RHL1-CFP revealed that AAA-ATPase sequences were enriched in precipitated chromatin from rhl1-2 RHL1-CFP and, to a lesser extent, rhl2-1 HA-RHL2 ( Fig. 5 ). Enrichment was even more pronounced for At1g24145 and At1g24147 sequences under high-light stress conditions that activate the genes ( Fig. 5 and Fig. S6 ). In contrast, no enrichment was observed in the pseudogene At4g03760 that was used as a control. These results suggest that the plant Topo VI complex directly binds to the promoter/transcription initiation site of AAA-ATPase, At1g24145, and At1g24147 genes and, hence, appears to be directly involved in initiation and elongation of 1 O 2 -responsive gene transcription.
Discussion
Topo VI, A Genuine Component of 1 O 2 Retrograde Signaling. The caa39 mutant was isolated in a genetic screen aimed at identifying factors involved in 1 O 2 -specific retrograde signaling from the plastid to the nucleus and was shown in the present work to be impaired in the Topo VI A-subunit. Initially, six caa mutants were isolated, which constitutively activate the AAA-ATPase gene in the absence of enhanced 1 O 2 production (14) . The characterization of these mutants suggested that 1 O 2 -signaling does not operate as an isolated linear pathway but rather forms an integral part of a signaling network that is modified by other signaling routes and impacts not only on stress responses of plants, but also on their development. The work suggested further that most of the factors mutated in caa mutants repress the basal expression of the AAA-ATPase gene but are unlikely directly linked to 1 O 2 -signaling. caa39 was the only caa mutant that showed an impaired (30) . However, because β-cyclocitral-mediated signaling does not appear to require the EXECUTER1 function, it seems to be different from the EXECUTER1-dependent 1 O 2signaling pathway operating in the flu mutant subjected to a D/L shift and wild-type plants exposed to mild light stress (31) . (11) . This dual activity assigns a key role to Topo VI as an integrator of different ROS signals that are released by plants in response to adverse environmental conditions. Other type II topoisomerases have also been shown to act as transcriptional repressors (32) . The human topoisomerase II (hTopo II) represses RNA polymerase II transcription in vitro by binding to the promoter and blocking the formation of stable preinitiation complexes. Significantly, hTopo II-mediated repression can be relieved by the addition of sequence-specific transcriptional activators (32, 33) . In addition, a dual role for human DNA topoisomerase I (hTopo I) as transcriptional repressor and activator has been reported (34) . It is proposed that hTopoI is loaded onto the transcription complex to repress transcription by interacting with the transcription factor II D (TFIID) complex. In the presence of an activator, hTopo I is assumed to then be translocated from the TFIID complex to the elongation complex, thereby removing the superhelical tension caused by the elongation process and enhancing the efficiency of elongation (34) . The dual activity of Arabidopsis Topo VI as a repressor and activator of 1 O 2 -responsive gene expression could be explained by an analogous mechanism. This hypothesis is further supported by the recent finding that the Arabidopsis BIN4/MID subunit of Topo VI can interact in a yeast two-hybrid assay with the TFIIB, which is involved in RNA polymerase II recruitment and transcription initiation in eukaryotes (35, 36) . Quite recently, Ju et al. provided in vivo molecular evidence that human Topo IIβ can generate a transient dsDNA strand break that permits a nucleosome-specific histone H1-HMGB protein exchange event, which promotes local changes of chromatin architecture and leads to the transcriptional activation of target genes (37) . Topoisomerase-mediated chromatin factor exchange represents an attractive mechanism for the transcriptional activation and repression of different sets of genes. The mechanism of Arabidopsis Topo VI activation following the release of different ROS remains to be elucidated, as does the identification of other determinants that may control the selectivity of response to different ROS. Topo VI, An Integrator of Environmental Cues. Until now, Topo VI was primarily implicated in DNA endoreduplication, and the physiological significance of plant topoisomerases was largely unknown (17, (23) (24) (25) . Interestingly, recent studies have shown that the constitutive expression of rice OsTOP6A or OsTOP6B increases the expression of stress-responsive genes and confers abiotic stress tolerance to transgenic Arabidopsis plants (38, 39) .
Our study shows that the plant Topo VI complex is a key regulatory factor during the activation of ROS-responsive genes that can eventually modulate the intensity of the 1 O 2 -induced celldeath response. The Arabidopsis genome contains a second type II topoisomerase that is, however, differentially regulated (23, 40) and, based on our preliminary data, doesn't seem to participate in ROS-responsive gene activation. Taken together, these findings suggest that Topo VI may have a specific function in regulating plant responses to adverse environmental conditions by reprogramming the expression of specific sets of ROSresponsive genes.
Materials and Methods
Plant Material and Growth Conditions. All experiments were performed with A. thaliana ecotype Columbia (Col-0). Details of lines and growth conditions are given in SI Materials and Methods.
Luciferase Imaging, Trypan Blue Staining, and Quantification of Cell Death. Luciferase imaging in plants was performed as previously described (14) . Dead cells were identified by staining with lacto-phenol Trypan blue (41) . Seedlings were photographed and the area of positive Trypan blue staining was quantified using ImageJ software (http://rsb.info.nih.gov/ij/).
ChIP. ChIP was performed as previously described (42) . Anti-GFP antibodies (11 814 460 001; Roche), anti-HA antibodies (11 867 423 001; Roche), antidimethylhistone H3 Lys-9 antiserum (07-690; Upstate), and anti-IgG antibody (I5381; Sigma-Aldrich) were used for immunoprecipitation. Immunoprecipitated DNA was analyzed by PCR using AAA-ATPase, At1g24145, and At1g24147 gene-specific primers and primers against the control locus At4g03760 (Tables S1-S5 ). Identification and complementation of the caa39 mutation, RNA isolation, quantitative RT-PCR, and microarray analysis are described in SI Materials and Methods. See Fig. S7 for validation of reference genes. Table S5 . Seeds were surface-sterilized and grown on Murashige and Skoog (MS) medium (without sucrose) including vitamins and 2-(N-morpholino)ethanesulfonic acid (MES) buffer (M0255; Duchefa) and 0.8% (wt/vol) agar (Sigma-Aldrich) at 20°C in continuous light (80-100 μmol·m −2 ·s −1 ) unless otherwise indicated. High-light stress experiments were performed using FYTO-LED light panels (SL3500; Photon Systems Instruments).
Supporting Information
Identification and Complementation of the caa39 Mutation. A segregating F2 mapping population was generated from a cross of flu AAA:LUC + caa39 in Col-0 with flu AAA:LUC+ in Ler. Of 1,700 F2 plants, 500 homozygous flu AAA:LUC+ caa39 mutants were selected based on high constitutive luciferase expression in continuous light. The CAA39 locus was mapped using CAPS (cleaved amplified polymorphic sequence) or SSLP (simple sequence length polymorphism) markers listed in The Arabidopsis Information Resource database (TAIR, www.arabidopsis.org). Additional markers used for mapping were designed based on the collection of predicted Arabidopsis SNP and small insertions/deletions in the publicly available Columbia and Landsberg erecta sequences generated by Monsanto (http://www.arabidopsis.org/Cereon) and are provided in Table S1 . For complementation, the full-length coding sequence of AtTOP6A amplified by PCR (Table S2 ) was cloned in pCAMBIA1302 binary vector under the control of the CaMV 35S promoter and introduced into flu caa39 via Agrobacteriummediated transformation as described (3) . Positive transformants were selected on hygromycin-containing media.
RNA Isolation, Quantitative RT-PCR, and Microarray Analysis. Quantitative RT-PCR was performed as described previously (2) . Sequences and efficiencies of primers used for qRT-PCR are listed in Table S3 . Validation of the reference genes PRF1, ACT2, PP2AA3, GAPC2, and UPL7 (4) was performed with geNorm (5) and is presented in Fig. S7 . Microarray experiments were performed with three biological replicates, and full-genome Affymetrix Arabidopsis AGRONOMICS1 microarrays (Affymetrix) were used. Labeling of samples, hybridizations, and measurements were performed as previously described (6, 7) . Signal values were derived using the RMA algorithm implemented in the statistical language R (8) . Differentially expressed genes were selected using LIMMA (9) followed by multiple testing correction according to ref. 10 . Genes were considered as differentially expressed if P < 0.05 and fold-change at least 1.5. The microarray data have been submitted to ArrayExpress with the experiment number E-TABM-1076. Fig. S3 . Allelism test of flu AAA:LUC + caa39 with rhl2-1 mutant. flu AAA:LUC + caa39 mutant was crossed with the homozygous rhl2-1 mutant selected based on the mutant phenotype from the segregating rhl2-1/RHL2 F2 generation that was grown under long-day conditions. F1 generation seeds were plated on MS agar plates and grown under constant light (CL) conditions. Luciferase image (LUC) and visible picture (Light) of flu AAA:LUC + caa39 seedlings, F2 segregating rhl2-1/RHL2 population, and F1 seedlings from the flu AAA:LUC + caa39 × rhl2-1/rhl2-1 cross-over are presented. Orange circles mark homozygous rhl2-1 plants.
Bulked segregant analysis
(Scale bar, 0.5 cm.) At1g24145 GATCCCATTTGACCGAGTAAAC TACCGCCATCTTAGAAGTGAATG At1g24147
At1g24147 TAAATGCGTAAACGTGAGTCGG CATGAAGTGAAAACACGAGGAC AAA-ATPase At3g28580 TTGTGTACCAGAACCACCATC GGCTTAGGGCTTTGGAAGAG 
